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ABSTRACT: IscA belongs to an ancient family of proteins responsible for iron-sulfur cluster assembly in
essential metabolic pathways preserved throughout evolution. We report here the 2.3 Å resolution crystal
structure of Escherichia coli IscA, a novel fold in which mixed β-sheets form a compact R-β sandwich
domain. In contrast to the highly mobile secondary structural elements within the bacterial Fe-S scaffold
protein IscU, a protein which is thought to have a similar function, the great majority of the amino acids
that are conserved in IscA homologues are located in elements that constitute a well-ordered fold. However,
the 10-residue C-terminal tail segment that contains two invariant cysteines critical for the Fe-S-binding
function of a cyanobacterial (Synechocystis PCC) IscA homologue is not ordered in our structure. In
addition, the crystal packing reveals a helical assembly that is constructed from two possible tetrameric
oligomers of IscA.

Iron-sulfur (Fe-S)1 cluster proteins are among the most
ancient, highly conserved macromolecules. They function
in diverse biochemical processes that include iron homeostasis, electron transfer, metabolic catalysis, nitrogen fixation,
regulation of gene expression, and the detection of reactive
oxygen species (1, 2). This wealth of activities relies upon
protein-bound Fe-S complexes, which exhibit a wide
variation in geometry, oxidation state, and chemical reactivity. Although the physicochemical constitution of biological
Fe-S clusters has been extensively characterized through
synthesis of model structures, spectroscopy, and X-ray
crystallography, the mechanisms underlying their biosynthesis are currently in an early phase of exploration. Recent
genetic studies have demonstrated an essential nature for gene
products of the bacterial iron-sulfur cluster (isc) operon and
a corresponding set of predominantly mitochondrial eukaryotic homologues (3-7). Complementary biochemical analyses of these proteins suggest that they function to coordinate
the binding and assembly of Fe-S clusters that are ultimately
transferred to critical Fe-S containing target proteins (814). Disruption of both isc genes and their eukaryotic
orthologues substantially reduces the activity of the Fe-S
cluster containing enzymes and oxygen/iron sensor proteins
with central roles in the regulation of the citric acid cycle or
the electron transport machinery (3, 4, 6, 7). In current
models, Fe-S cluster biosynthesis in the bacterial cytosol
is initiated by IscS, a cysteine desulfurase that generates
sulfane sulfur and transfers sulfur to the surface of IscU or
IscA, homodimeric scaffold proteins that mediate sequential
†
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assembly of transiently bound [2Fe-2S] and [4Fe-4S]
clusters (15-17). Holo-IscA/IscU and eukaryotic homologues of IscA/IscU (IsA/IsU) have been shown to complex
and transfer [2Fe-2S] clusters to the apo-form of a conserved
[2Fe-2S] ferredoxin (Fdx in Escherichia coli), also synthesized from the isc operon (12, 17-19). A recent NMR study
of bacterial (Thermotoga maratima) IscU describes a unique
metallochaperone structure that, as a result of inherent
conformational flexibility, lacks stable tertiary structure in
both the unbound and the Fe-S cluster-bound states (20).
Deuterium exchange measurements coupled with 1H-15N
HSQC spectra positioned two of three conserved cysteine
ligands (C38 and C63) in a proximal arrangement within
the Fe-S cluster-binding pocket, an area of defined, albeit
dynamic, loop regions immediately flanking ordered secondary structural elements.
Three invariant cysteine residues in IscA/IsA have also
been implicated in Fe-S cluster binding. Mutagenesis of any
of these cysteines (present in IscA/IsA proteins as C1-XnC2-X1-C3) in the yeast mitochondrial IscA homologue, Isa1p,
which bears 50% similarity to IscA, produced similar
mitochondrial defects and inhibited growth on nonfermentable carbon sources, consistent with a function for these
residues in Fe-S cluster ligation (21). In addition, two of
the three invariant cysteines (C2 and C3) in a cyanobacterial
IscA (the Synechocystis PCC 6803 slr1417 gene product), a
protein that purifies from this organism as an iron-bound
species, were shown to be essential for the coordination of
a [2Fe-2S] cluster, whereas alanine substitution of C1
weakened cluster formation by 40% (17, 22). The absorption
and Mossbauer spectra that supported these findings were
consistent with tetrahedral thiolate ligation of one [2Fe2S] cluster per dimer by C2 and C3 or one Fe-S cluster
bound between monomers. Similarly, serine substitution of
C1, C2, or C3 in Schizosaccharomyces pombe IsA significantly weakened [2Fe-2S] cluster binding (23).
Our laboratory has recently solved and refined the crystal
structure of E. coli IscA, a 12.8 kDa, 107-residue polypeptide
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Table 1: Data Collection and Phasing Statistics

dataset

resolution
(Å)

completeness
(%)

Diffraction Data Statisticsa
total/unique
reflections

I/σ

redundancy

Rsymb
(%)

native
HgCl2

∞-2.65
∞-2.30

99.8 (100.0)
99.4 (99.1)

77, 724/8, 034
67, 990/12, 243

58 (5.5)
38 (3.7)

9.7 (9.9)
5.6 (5.3)

6.6 (47.9)
6.3 (45.7)

derivative

binding
sites

occupancy
(site 1/2/3)

HgCl2

3

0.89/0.88/0.11

Phasing Statistics- SIR
phasing powerc
resolution
(Å)
acentric
centric
27-2.8

1.54

1.27

Rcullisd
acentric
centric
0.66

0.67

FOMe
acentric
centric
0.36

0.63

The values in parentheses are for the highest resolution shell. Rsym ) ∑(I - 〈I〉)/∑(I), where I is the intensity measurement for a given
reflection and 〈I〉 is the average intensity for multiple measurements of this reflection. c Phasing power equals heavy atom structure factor divided
by the root-mean-square lack of closure error (statistics from CNS). d Rcullis equals the lack of closure error divided by the iso-ano difference
(generalized Rcullis in CNS). e FOM is the figure of merit.
a

b

with a novel fold, to 2.3 Å resolution. A C-terminal
decapeptide that contains two of the three invariant cysteines
(C99 and C101) required for Fe-S binding in the Synechocystis PCC 6803 slr1417 protein is not visible in the
electron density map. The lack of well-defined electron
density for this region is consistent with either a dynamic
disorder or multiple ordered conformations of the region. A
comparison of the IscA structure with the Fe-S scaffold IscU
is provided.
MATERIALS AND METHODS
Crystallization and Data Collection. E. coli IscA was
overexpressed from a C-terminal, 6-His-tagged construct and
purified to homogeneity as performed by Ding and coworkers (Ding et al., manuscript submitted). IscA was
subsequently desalted using a PD10 column, concentrated
to 17 mg/mL, and incubated at 4 °C overnight with 1.1 mM
ferrous ammonium sulfate and 2 mM DTT. Under a glovebag
enclosing a helium atmosphere, crystals were grown at room
temperature by the vapor diffusion method in drops containing 0.8-1.0 M dibasic ammonium phosphate buffered with
0.1 M imidazole, pH 8.0. Hexagonal, rod-shaped crystals of
the dimensions ∼0.2 × 0.2 × 0.7 mm appeared in the
presence of 10 mM mercury (II) chloride (HgCl2) supplemented in the mother liquor (derivative conditions) or its
absence (native conditions) and grew to near maximal size
within 2-4 weeks. IscA crystals belong to the space group
P62 with unit cell lengths a ) 55.5 and c ) 159.0 Å. The
estimated solvent content is 55% with a dimer in the
asymmetric unit.
Diffraction data for a single native and derivative crystal
were collected at 100 K on a Mar345 image plate detector
mounted on a Nonius FR591 rotating CuKR anode fitted
with Osmic mirrors. Crystals were transferred to a cryoprotectant solution containing 20% ethylene glycol/80% mother
liquor immediately prior to freezing. The crystal-to-detector
distance was 160 mm for 1° oscillation images, each exposed
for 30 min. Final statistics from intensity data processed with
Denzo and scaled in Scalepack are listed in Table 1 (24).
The high redundancy and signal-to-noise ratio of the diffraction data allowed us to include reflections to resolutions
of 2.65 Å (native) and 2.3 Å (derivative) in the final
refinements.
Structure Determination and Refinement. Cocrystallization
of IscA with HgCl2 noticeably enhanced the size, mor-

phology, and diffraction quality of the crystals. An overall
Rmerge of 18.0% for native and HgCl2-IscA structure factor
amplitudes to 2.7 Å was indicative of a heavily substituted
derivative. Three heavy atom-binding sites in the asymmetric
unit, two of which appeared definitively on the Harker
sections and refined to high occupancy values, were identified through an automated Patterson search in CNS (25) and
used to calculate initial SIR phases to 2.8 Å (Table 1). An
electron density map calculated from solvent-flattened SIR
phases (using the program DM in CCP4 (26), overall Figure
of Merit ) 0.47) revealed, after skeletonization in MAPMAN
(27) and visualization in O (28), salient secondary structural
features. One pair of overlapping, albeit disjointed, β-sheets
was sufficient to elucidate a 2-fold noncrystallographic
symmetry (NCS) axis and to generate an initial matrix for
the production of an improved, averaged map in DM. This
map served as a starting point for the construction of a polyalanine backbone. After iterative cycles of model building
in O, SigmaA weighting, phase combination, solvent flattening, phase extension in CCP4, and rigid body refinement
and energy minimization in CNS, a majority of the side
chains were identified.
In the early stages of refinement and interpretation of
2Fo- Fc maps, the structure factor amplitude array from
the higher resolution derivative dataset was employed. As
R factors dropped below 0.30, it became clear that independent monomers were nearly identical, and the model
improved as high NCS restraint weights (400 in CNS)
were imposed. Further refinement cycles that included
energy minimization, B group refinement, and simulated
annealing were conducted using maximum likelihood refinement in CNS. Concluding stages of refinement were carried
out in REFMAC5 (CCP4) (29). Monomers in the final
models lack the last 10 residues present in the native protein, including Cys99 and Cys101. A Ramachandran plot
in PROCHECK (30) demonstrates favorable main-chain
geometry for both the native and the Hg-IscA structures
with the exception of a single nonglycine outlier, Cys35, in
the native model. In a 2Fo- Fc omit map produced from
the derivative dataset, density corresponding to each
Cys35 thiol is enveloped in a 17 σ Hg peak, consistent with
covalent binding of the metal at this position. The final
R/Rfree for the native and derivatized structures are 23.2/25.6
and 22.9/26.3%. Refinement statistics are summarized in
Table 2.

Crystal Structure of Escherichia coli Isca at 2.3 Å Resolution

Biochemistry, Vol. 43, No. 1, 2004 135

Table 2: Refinement Statistics
resolution (Å)
no. of reflections
σ cutoff
Rfactor (%)
Rfree (%)a
no. of refined atoms
protein
water
average B factors (Å2)
protein
water
Hg2+
overall
B from Wilson plot
rms deviations
bonds (Å)
angles (deg)
Ramachandran plot
most favored regions (%)
additional allowed (%)
disallowed (%)

native

HgCl2

27-2.6
7371
none
23.2
25.6

27-2.3
11110
none
22.9
26.3

1470
61

1470
85

42.0
40.2
NA
42.0
56.6

43.7
43.6
72.2
43.8
44.2

0.010
1.4

0.014
1.5

93.8
4.9
1.2b

94.4
5.6
0.0

a
Rfree was calculated from 5% of the diffraction data and monitored
throughout refinement. b Corresponds to residue cysteine 35 from both
monomers in the asymmetric unit.

RESULTS AND DISCUSSION
OVerall Fold. The absence of proteins in the Dali database
that bear significant structural homology to IscA suggests
that IscA adopts a novel protein fold. This fold is characterized by a striking, internal 2-fold symmetry such that the
unique portion of the structure covers roughly 50% of the
primary sequence. A complete IscA monomer (Figure 1A)
includes tandem pseudo-symmetric motifs (PSM) 1 (β1-R1β2-β3) and 2 (β5-R2-β6-β7) separated by a unique, nearpalindromic, 14 amino acid stretch (E43FVDEPTPEDIVFE56)
encompassing the three C-terminal residues of β3, a short,
6-residue loop region, and five of the six residues that
constitute β4 (Figure 1C). PSM1 and PSM2 each resemble
a fish hook twisted at the bend so as to create a 45° angle
between the barb and the shank (Figure 1B). In PSM 1/2,
β1/β5 lies along the barb, R1/R2 traverses the bend, and β2β3/β6-β7 extend the shank as a twisted, antiparallel β-sheet.
If the IscA monomer constitutes the fundamental building
block of a ladder that represents an oligomeric state (Figure
2A,B), the hooks are interlocked such that the barb of PSM1
(β1) points inward at a 45° angle, the bend of PSM1 (R1)
rests on the side rail, and its shank (β2 and β3) stretches the
length of the upper rung. The barb of PSM2 (β5) lies atop
the shank of PAM1 (β2) from its midpoint to the side rail,
its bend (R2) becomes the lower right helix of a circular
cavity, and its shank (β6 and β7) juts downward to fill the
distance between joints at an angle perpendicular to the shank
of PSM1. The resulting architecture is a β-sandwich domain
composed of two mixed β-sheets: a 4-stranded, twisted β4β5-β2-β3 sheet and a 3-stranded, twisted β1-β6-β7 sheet,
offset by 50° to achieve tight extensive hydrophobic packing
at the core.
Examination of the crystal packing of IscA monomers
reveals a super-helical assembly with a radius of 25 Å and
a pitch delimited by three arbitrarily designated, tetrameric
assemblies, each translated 50 Å along the helical axis
(Figure 2B). Upon this axis, the IscA monomer follows a

FIGURE 1: Unique pseudo-symmetric fold of IscA. (A) A ribbon
diagram showing the secondary structural elements in IscA. (B) A
schematic representation of the monomer fold as a pair of
interlocked fish hooks. Each hook represents a single pseudosymmetric motif (PSM). Elements related by pseudo-2-fold symmetry are colored identically in panels A and B (β1, β5, and barbss
red; R1, R2, and bendsgreen; β2 and β6sblue; β3 and β7scyan;
and shankslight blue). The β-4 strand, which is cut by the pseudo2-fold axis, is depicted in brown. (C) Structure of the 14-residue
pseudo-palindromic amino acid sequence. Identifiers for residues
related on the virtual 2-fold are colored identically (F44/55sviolet,
E43/56sbrown, V45/54sgreen, D46/52sturquoise, E47/51sbrick
red, and P48/50sblue). T49, at the palindrome center, is black.
Residue I53 (labeled red in parentheses) is not shown. Panels A
and C were drawn using Molmol (34) and rendered in Povray (35).
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FIGURE 2: Structure of IscA oligomers. Cartoon representation (A) of the IscA super-helix (B) as a ladder. Brackets designate the distance
along the pitch or diameter of the IscA ladder. In panel B, the IscA monomer is colored using the scheme from Figure 1A to highlight its
position and orientation in the superstructure. (C) Tetramer A. The 6-stranded, mixed β-sheet unique to tetramer A is labeled and shown
in green. (D) Tetramer B. The 16-stranded β-barrel unique to tetramer B is labeled and shown in blue. Panels A and C were drawn using
Molmol (34) and rendered in Povray (35).

spiraling, ladder-like pathway stabilized by dimer/tetramer
interfaces that occur in regions resembling either joints or
the midpoints of adjacent rungs or interceding side rails of
the ladder. Two distinct tetrameric arrangements are possible: one in which four monomers surround a central
ellipsoidal cavity ∼45 Å wide and 7 Å tall (for the sake of
discussion, tetramer A) and one in which the monomers
surround a cylindrical cavity with a 5 Å radius (tetramer
B). Both arrangements are dimers of dimers. In tetramer A,
the monomers are positioned at the four corners of a picture

frame, and each contributes the shanks of the fish hooks to
its neighbors (Figure 2C). PSM 1 forms a semicircular,
8-stranded β-sheet and PSM 2 forms a 4-stranded β-sheet
with the dimer mates. In tetramer B, 4-stranded β3-β2-β5β4 sheets of neighboring monomers are joined through β4β4 and β3-β3 hydrogen bonds to form 90° arcs over a
topologically circular palindrome that spirals into a 16stranded β-barrel enclosing the circular cavity (Figure 2D).
Both the purified bacterial protein and its eukaryotic
homologues have been shown to exist in dimeric, tetrameric,
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FIGURE 3: Structure-based sequence alignment of IscA orthologues. IscA/IsA from Escherichia coli (Ec), Synechocystis PCC 6803 slr1417
(slr1417), Azotobacter Vinelandii (Av), Saccharomyces cereVisiae (Sc), Saccharomyces pombe (Sp), Arabidopsis thaliana (At), Caenorhabditis
elegans (Ce), Drosophila melanogaster (Dm), Mus musculus (Mm), and Homo sapiens (Hs). Residues conserved in all sequences are
highlighted in yellow, and highly conserved residues are highlighted in gray. Invariant cysteines 35, 99, and 101 of E. coli are marked by
brown triangles. Secondary structure elements are indicated above the sequence for E. coli IscA and shaded using the same color scheme
as Figure 1A. This figure was created using Alscript (36).

or higher order aggregation states (19, 23, 31), and tetramers
A or B represent two possible models for the oligomeric
states observed in solution. Each of two tetrameric configurations buries ∼25% (5600-6100 Å2) of solvent-accessible
surface area in dimer/tetramer interfaces between adjacent
IscA subunits, suggesting that either tetramer A or tetramer
B can exist as a physiologically stable entity. The unique
areas of contact for the independent assemblies (2000 Å2 at
the midpoints of side rails composing tetramer A or 1500
Å2 at the mid-rung region that joins dimers from tetramer
B) are each sufficient for a functional oligomeric interface.
The β4-β4 dimerization interface unique to tetramer B is
predominantly stabilized by main-chain hydrogen bonds from
I53, V54, and F55 and van der Waals interactions between
I53 side chains on opposing strands. The additional surface
area that selectively stabilizes tetramer A is characterized
by favorable ionic interactions involving the guanidinium
group of R12, which extends from the R-1 helices of one
dimer partner to the mid-side rail E86 carboxylate on β7,
an edge on face stacking arrangement of F79 and F88 that
restrains the linear conformation of the β6-β7 shanks as they
exit the protein core and the insertion of L84, situated at the
eye of the β6-β7 shanks, into a dense hydrophobic pocket
of F16, L42, and F44 on the opposite monomer. This

constellation of residues, and particularly those that are both
hydrophobic and highly conserved or invariant (L42, F44,
F79, and F88ssee Figure 3), maintains the backbones of
the β7 strands at the borders of a channel enclosing six
ordered water molecules. Because of the favorable packing
at this interface (a feature that relies upon the specific R12E86 ionic interaction, the conserved hydrophobic network,
and the presence of an extensively hydrogen-bonded water
channel), we propose that tetramer A and the dimeric
substructure maintaining these contacts represent the most
likely oligomeric states in the aqueous milieu of the cell.
ConserVation in Sequence and Structure. IscA orthologues
maintain a high degree of evolutionary conservation as
highlighted by a sequence alignment for representative
species from each kingdom (Figure 3). Over the 107 amino
acid stretch present in the bacterial forms, 47% (50) of
residues are highly conserved, and 18% (19) are identities.
Most of the highly conserved residues (60%) are located
within secondary structural elements, and a majority of these
(67%) contribute to the hydrophobic core that seals the
twisted β-sandwich domain of IscA. When viewed from a
perspective down the intramolecular 2-fold, the hydrophobic
side chains fill a rectangular slab bounded by the R-helices
on the short edges, the β-sheets on the long edges, and the
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FIGURE 4: Electron density for residues preceding the disordered C-terminus of IscA. Electron density (violet) from final, native 2.65 Å
2Fo - Fc maps contoured at 1σ in the region encompassing the last visible C-terminal residues (T91-D97). Residues G74-D76 and hydrogenbonding partners T91-N92 (from the β6-β7 shank) lie in a region of well-defined density. Beyond the sharp turn at P93 (N94-D97), sidechain density becomes significantly more diffuse or disappears entirely. Because of the absence of side-chain density for K96, alanine was
substituted at this position in this final model. The figure was drawn using Molmol (34) and rendered in Povray (35).

β4-strand at its base. Hydrophobic packing of conserved
residues F55, I3, L5, A9/10, V60/62/64, L77, L26, L28, V13,
L72, F79, L17, F16, F88, F90, F71, F44, L42, Y40, M38,
and V30 occurs progressively upward in a knobs in holes
type fashion similar to that described for R-helices. Accompanying side chains stack tightly near the R-β corners
or between three and four hydrophobic functional groups
protruding from two opposite strands above and below the
plane of the knob. Other conserved residues that maintain
the integrity of the IscA structure include conserved residues
E56(β4) and S6(β1)(consensus S/T), invariant residues D52(β4) and D78(β6), and R27(β2)/K61(β5) (consensus R/K).
Intramolecular salt bridges consisting of D52-R27 and
E56-K61 tether the conformation of the β4-β5-β2-β3 sheet,
and a D78-S6 hydrogen bonding interaction secures β1-β6
contacts at the turn into the R1 helix. Three invariant glycine
residues G37, G59, and G74 are ostensibly required for
transitions into β3, β5, and β6 as they are located in turns
immediately before the initiation of these strands. The
placement of conserved residues at critical positions in the
tertiary structure suggests that the overall fold of IscA has
been strictly preserved throughout evolution.
Cysteine Pocket. Only the first of the three invariant
cysteines (C35, C99, and C101) implicated in the ligation
of iron-sulfur cluster complexes is visible in the electron
density. C35 is located within two bulging pockets (10 Å
tall) found on each side of the centrally compressed (7 Å
tall) ellipsoidal cavity of tetramer A (Figure 2C). On both
faces of the cavity, C35 projects from monomers on
diagonally opposite corners of the frame (related by the dimer
2-fold) into opposite bulges from a flexible, conserved
GCXG loop between β2 and β3. At one face, C35 residues
are separated by 20 Å and located at equivalent positions,
each at the eye of a PSM2 shank protruding from the cavity
roof and floor. In the native structure, the B factor for the
GC35XG region deviates substantially from the mean protein
B factor (+1.6-fold), and C35 is a unique Ramachandran
outlier. In contrast, this same region is well-ordered in the
Hg-derivatized structure (the B factor is only 1.2 times greater

than the mean protein B factor). Apparently, the covalent
binding of Hg to the labile cysteine imparts rigidity to this
flexible loop. In addition, the side chain of E82, located on
the β6 strand of an adjacent dimer partner, is positioned in
the mercury-binding pocket of the derivative and rotated 180°
away from a solvent-exposed orientation observed in the
native structure. This motion adjusts the side chain carboxyl
from 9 Å (native) to 4 and 3.7 Å from the C35 thiol and
mercury, respectively.
A consensus C-terminal stretch CGCGESF containing the
other putative iron-binding cysteine residues, C99 and C101,
is completely disordered, as judged from the fact that it is
not visible in the electron density map. This sequence is
located at the end of a coil that begins at the end of β7,
turns sharply at an invariant proline (P93), and extends
superficially down the center of the upper dimer to the last
visible residue, D97, at the brink of the central cavity (Figure
4).
Comparison of Fe-S Scaffolds IscA and IscU. Although
in vitro kinetic and steady-state spectroscopic data suggest
that IscU/IsU and IscA/IsA assemble solvent-accessible,
labile Fe-S clusters and transfer these clusters to apoferredoxin at similar rates, there are noteworthy differences
in primary sequence, function, and fold. For example, IscA/
IsA and IscU/IsU are each highly conserved yet share no
significant sequence homology, IsA binds Fe-S clusters with
a higher affinity than IsU, and IsA recognizes a binding site
on the target ferredoxin distinct from that recognized by IsU
(32). Whereas the high degree of conformational flexibility
observed for apo/holo-IscU has been attributed to a series
of highly mobile hydrophobic side chains (20), a rigid and
extensive hydrophobic network imparts stability to the core
of monomeric IscA. In contrast to the global fluidity of IscU,
only a few residues within the cysteine pocket or the
C-terminal tail were significantly disordered in native IscA.
Beyond the dynamic features that distinguish these structures,
IscA and IscU diverge in both secondary structural content
and, insofar as a three-dimensional representation of IscU
could be obtained, the organization of these secondary

Crystal Structure of Escherichia coli Isca at 2.3 Å Resolution
structural elements. However, the disorder present in the
structures of both IscA and IscU are consistent with a role
for these proteins in the assembly and transfer of transient
Fe-S clusters to various Fe-S target proteins (8, 17, 19).
This hypothesis is supported by the observation that all of
the three conserved cysteines are located in mobile loop
regions of IscA and IscU, at least one of the predicted Fe-S
cysteine ligands could not be visualized in either structure,
and the remaining cysteines were impossible to position
precisely within the putative Fe-S-binding regions of native
IscA or apo/holo IscU. In addition, neither IscA nor IscU
possess the degree of rigidity characteristic of Fe-S cluster
or metal-binding sites observed for the majority of known
metallochaperone or metalloenzyme structures, many of
which bear the common ferredoxin-like or Rossman-type
folds (20, 33). These Fe-S complexes, which function
primarily as redox-labile cofactor centers for catalysts or
oxygen sensors, are structurally versatile, and with few
exceptions, capable of rearrangement with minimal, highly
localized conformational changes in the protein ligands that
maintain the Fe-S cluster (33).
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